A recent report (1) presented evidence for allosterism 1n reverse transcription by Mason-Pfizer monkey virus reverse transcriptase and by E. coli DNA polymerase I. Our experiments also demonstrate these apparent cooperative effects when synthesis is catalyzed by either avian myeloblastosis virus DNA polymerase, feline sarcoma virus DNA polymerase, or E. coli DNA polymerase I (large fragment). We show that the apparent cooperativity depends on the use of ol1go(dT) l2 -i8 as primer. However, if the polymerase reaction products are isolated chromatographically, then the polymerases obey classical MichaelisMenten kinetics with respect to substrate and enzyme concentrations. These results suggest that the cooperative effects are an add precipitation artifact. The results are also consistent with the enzyme operating by a distributive mechanism with the oligo(dT) 12 -i8 primer.
INTRODUCTION
Since the discovery of RNA directed DNA synthesis, considerable effort has been directed at characterizing retrovirus polymerases (2). The RNA directed DNA polymerases are similar to other polymerases in most respects, such as requirement for primer as well as template, and 5' to 3' direction of synthesis. The significant differences are that reverse transcriptase has ribonuclease H activity (2), and transcribes both RNA and DNA templates.
Early work showed that homopolymer duplices were excellent templateprimers, and usually more active than natural DNA, or than retrovirus RNA (3). Extensive studies comparing different homopolymer template-primer complexes and different DNA polymerases have been carried out (4 ).
The kinetics of RNA directed DNA synthesis catalyzed by Mason-Pfizer monkey virus reverse transcriptase and by E. coli DNA polymerase I were recently studied by Caval1er1 et al. (1) using both homopolymers and heteropoiymers as templates. A homopolymer, usually ol1go(dT) l0 , was used as a primer. These authors observed an apparent sigmoidal Increase 1n rate as the concentration of deoxynucleotide triphosphate was increased. The rate of synthesis also was found to Increase sigmoidally as the concentration of enzyme was Increased. Their data, obtained by using trichioroacetic acid (TCA) precipitation to isolate the product DNA, were Interpreted as evidence for allosterism during reverse transcription (1) . If the data are meaningful, then the results cannot be explained by Michael1s-Menten kinetics, and the retrovirus polymerases might be allosteric enzymes. The presence of allosteric control in a reverse transcriptase could have great bearing in the reverse transcription of the retrovirus genome in vivo.
Such a finding would be surprising, however, since many polymerases have been well characterized, and E. coli DNA polymerase I has been studied in detail (5) without any revelation of features common to allosteric enzymes. The reactions catalyzed by polymerases can be described in terms of Michael 1s-Kenten kinetics with respect to substrate and enzyme concentrations. Furthermore, investigations of purified E. coil polymerase I have not revealed any features commonly associated with allosteric enzymes. Equilibrium binding studies show only one nucleotide binding site per molecule of polymerase (6) , rather than the multiple sites that might be present if the enzyme responded allosterically to substrate concentrations. In addition, only one molecule of polymerase I appears to bind at each nick, or end,of DNA as measured in solution (7) or as visualized by electron microscopy (8).
Thus, E. coll DNA polymerase I has not been found to form any oligomeric structure during in vitro catalysis, even when in the presence of template-primer complex. Without any evidence for oligomeric interaction among molecules of polymerase I, it is difficult to imagine how variations '1n enzyme concentration could lead to an allosteric change 1n the rate of polymerization as suggested by Caval1er1 et ai. (1) .
We had reported that the RNA directed DNA polymerases of Green hamster melanoma and of avian myeloblastosis virus (AMV), using homopolymer templates and primers in the standard assay, catalyzed DNA synthesis at an Initial rate that increased nonlinearly with substrate concentration (9) . Here W report a further study of apparent allosteric effects caused by Increasing either deoxynucleotide triphosphate or polymerase concentrations in assays of DNA synthesis on RNA templates. The synthesis 1s directed by homopolymer templateprimer complexes and catalyzed by either AMV reverse transcriptase, feline sarcoma virus reverse transcriptase, or E. coll DNA polymerase I (large fragment). We find that isolation of the enzymatically synthesized ol1go(dT) n by Sephadex G-25 chromatography shows that the apparent cooperative effects are a TCA precipitation artifact. Both AMV DNA polymerase and E. coli DNA polymerase I (large fragment) obey classical Michaelis-Menton kinetics with respect to substrate and enzyme concentrations.
MATERIALS AND METHODS
Virus Purification. AMV containing plasma from infected chickens was a gift from Prof. J. Beard through the Virus Cancer Program. The AMV was purlfled by high pressure liquid chromatography on CPG-1O-12OO porous glass beads as previously described (10) . The purification achieved by this method 1s 1,100-fold and removes contaminants which Interfere with the reverse transcriptase assay. The purified AMV was stored at -ZO°C 1n the column elution buffer (.01M Tris-HCl, pH 7.5). Feline sarcoma virus was obtained from Dr. John E. Post, New York State Veterinary College, Cornell University, Ithaca, New York.
Enzymes. AMV and FSV polymerases were studied routinely by solubiUzation of the enzyme prior to incubation with the assay mixture. The solubilIzation buffer was 0.15% NP-40, 0.1M NaCl, 5mM dithiothreitol (DTT) 1n which the purified virus was Incubated 1 hour at room temperature. Such preparations of polymerase incorporated about 60 nanomoles of nucleotide per mg enzyme 1n 30 minutes in the assay described below. The AMV polymerase was further purified about 500-fold by the method of Hurwitz and Leis (11) through the first phosphocellulose column. AMV polymerase used for the major part of this study which was purified by the method of Kadan et ai. (12) , was purchased from the Boehringer Mannheim Company. It was stored in 501 glycerol, lmM DTT, and 0.3M potassium phosphate (pH 8.0) with 0.5mg/ml bovine serum albumin added to stabilize the polymerase activity. The artifact effect was also confirmed using purified AMV polymerase supplied by Life Sciences, Inc., St. Petersburg, Florida, under contract N01CP33291, Virus Cancer Program, National Cancer Institute. All assays were carried out using both crude and purified reverse transcriptase. The crude polymerase was tested in case there was a protein present 1n the crude mixture which was necessary for the allosteric effect. However, no difference was found between crude and purified enzyme.
E. coli DNA polymerase I, the large fragment remaining after subtilisin treatment (13) was a gift of R. Dale and D. Ward. It was stored at a protein concentration of 0.5mg/ml In 0.01M Tr1s-HCl, pH 7.0, 502 glycerol. The specific activity was 70 nanomoles of nucleotide Incorporated per mg enzyme, in 30 minutes in the assay described below.
Chemicals. Tritiated deoxynucleotide triphosphates were purchased from New England Nuclear. The specific activities were 43.8 curies/mM (dTTP), and 3.8 curies/mM (dGTP). Ethanol was removed from the tritiated dTTP just prior to use as noted 1n the text, by lyopMlization, after which the nucleotide was redissolved 1n water. Unlabelled triphosphates were obtained from PL Biochemicals. Polyr1bonucleot1de templates were purchased from Miles Laboratories. Oligodeoxyribonucleotides, 12-18 nucleotides long, were purchased from Collaborative Research. Sephadex G-25 Fine and Blue Dextran were from Pharmacia. Whatman GF/A glass fiber filters were purchased from Reeve Angel.
Polymerase Assays, E. coii polymerase I (large fragment) was assayed 1n 0.1ml containing 50mM Tris-HCl (pH 7.8), 2mM DTT, 10" 7 M ( 3 H)-nP (unless otherwise noted), and primer and template at a final nucleotide concentration of 0.55uM and 80yM, respectively. Usually 3yl of enzyme (1.5ygm) was added to begin an Incubation which lasted for 30 minutes at 37°C. Time course experiments were done to show that under these assay conditions initial rates were obtained. Polymerase reaction products were isolated by two methods (see Results). Incorporation of tritiated nucleotide triphosphate precursors into acid insoluble product was measured by quenching the reaction with a final concentration of 5% trichloroacetic acid (TCA) containing phosphate and pyrophosphate, both It (w/V). The quenched reactions were cooled on 1ce for 30 minutes and filtered through GF/A filters held 1n a filter manifold. The filters were washed with 15ml of TCA with phosphate and pyrophosphate, 5ml of ethanol, and 5ml of ether, dried, and then counted 1n toluene based scintillation cocktail.
Enzyme assays in which the product was isolated by Sephadex G-25 chromatography were quenched by the addition of l mM TTP and 50wM EDTA (final concentrations), and kept on ice. A time course done by this method Included a zero time point for which the sample was chromatographed4 hours after quenching, and showed less than 2% of the Incorporation found when the assay was incubated for 90 minutes and chromatographed immediately after quenching. Chromatography was done using Sephadex G-25 (Fine) which had been equilibrated with an elution buffer of 0.01M Tris-HCl (pH 7.5), 0.1M NaCl. The column size was 25 by 0.9cm, and samples were 0.1ml. Fractions of 0.5ml were collected. such as phosphatases. The solubiHzed polymerase was preincubated with either substrate or primer and template, but the results did not vary from those described above. Also, the dilution experiment yielded similar results when it was performed using enzyme from either the major or minor peak of AMV polymerase eluted from the first phosphocellulose column 1n the pruification scheme of Hurwitz and Leis (11) (data not shown).
Effects of Substrate Concentration on
In order to rule out possible impurities in the radioactive TTP.an experiment was carried out using AMV polymerase, where the TTP concentration was Increased while maintaining a constant specific activity. These results also differed markedly from standard Michaelis-Menten kinetics. Experiments were also carried out to show that the rate of polymerization with time was linear at the different concentrations of TTP which were used.
The Effects of Enzyme Concentration on Rate. Cavalieri et ai.
(1) reported a cooperative Increase in the rate of DMA synthesis as a function of enzyme concentration. We obtain similar results with the AMV reverse transcriptase ( Since the apparent cooperativity is observed only when ol1go(dT) l2 _i8 is the primer, no allosteric enzymatic mechanism need be considered if the results are explained by some unusual feature of the behavior of ol1go(dT) l2 _i8 1n the assay. Thus, the most important consideration 1s not base composition, because of the contrast between the results obtained with poly(dT) as opposed to those with ol1go(dT) 12 -i8-This suggests that artifactual results of the assay should be considered rather than the mechanism of the polymerase.
One hypothesis 1s that the radioactively labelled DNA 1s not measured accurately because the product does not acid precipitate efficiently, or the precipitate is not efficiently collected on the GF/A filters. As an alternative to add precipitation, chromatography on Sephadex G-25 was used to separate the radioactively labelled DNA synthesized by the polymerase from the precursor If the results obtained using acid precipitation (Fig. 1) are meaningful, one would predict that the radioactivity of the product isolated in the void volume of the column should increase as the concentration of unlabelled TTP Increases. In fact, as the concentration of TTP ranges from 10" 8 to 10" 6 M, the increase in radioactivity is less than 20S; the line is deliberately drawn to emphasize what effect exists. A linear regression shows that excluding one point, the line 1s horizontal; if the point is included, then the statistical test shows that the result may or may not deviate from linearity. These results are quite 1n contrast with those of the experiments using the standard precipitation assay method, with which we found that as the radioactive substrate was diluted 'iit"r\ unlabelled substrate, the radioactivity of the product Increased 200-5OOS (Fig. 1) . VCi en the amount o? oli<~o(dT) n synthesized 1n 60 minutes is measured after chromatography (F1g. 3), in which no product can be lost, then the rate of synthesis varies with substrate TTP concentration as predicted by simple enzyme kinetics.
Effect of Increasing Enzyme Concentration on AMV Polymerase Activity as Measured After Chromatography. The experiment described in Fig. 2 was reuse peated except that the product was measured by isolation with a Sephadex G-25 column. As shown in Fig. 4 , increasing the enzyme concentration 1n the reaction mixture results in a proportional increase in the amount of radioactive product synthesized during a given time. Thus, the assay has not yet saturated with enzyme, and there 1s no indication of the sigmoidal curve seen when the product is measured after acid precipitation. These results are consistent with standard enzyme kinetics for increasing concentrations of enzyme in the reaction mixture.
In the results plotted 1n F1q. 4 the concentration of enzyme 1s listed as protein (vigm/ml) x 10 3 because a specific amount of bovine serum albumin was added to the enzyme solution 1n order to stabilize the enzyme preparation. This was necessary because very pure enzyme preparations have very little protein in them and 1t has been demonstrated that reverse transcriptase 1s very unstable when 1n a dilute protein solution. Due to the fact that the bovine serum albumin may have had an effect upon the results, other concentrations of bovine serum albumin were used for this experiment to rule out any artifactual effects. In each case, the results using the acid pre-PROTEIN 'tXS'W.1
Fig. 4. Effect of Enzyme Concentration on Rate When the Product is Isolated
Chromatographicaliy. The rate of DMA synthesis catalyzed by AMV polymerase was measured over a 50-fold range of protein concentration. Product radioactivity (CPM) is plotted against the concentration in the assay of purified AMV polymerase. Poly(rA)-oligo(dT) was template-primer. dpitation assay showed a sigmoidal curve whereas,using the Sephadex assay, a linear relationship was obtained.
Apparent Substrate Induced Allosterisin With FSV Reverse Transcriptase and With E. coil DNA Polymerase I. The allosteric effect of substrate concentration has been described as a general phenomenon 1n reverse transcription (1) . To test whether the artifact 1s found only with the AMV polymerase, experiments were carried out with a second RNA tumor virus reverse transcriptase, and with E. con DNA polymerase I (large fragment). The results for the FSV polymerase were found to be quite similar to those seen with AMV polymerase.
In order to compare our results with those of Cavalieri et ai. (1), we performed experiments with E. coii DNA polymerase I (large fragment). For this polymerase we find (Table 1 ) the apparent cooperative rate increase as a function of TTP concentration, using an oligo(dT) 12 -i8 as primer and add precipitation to isolate the product. However, 1f the product of the polymerase reaction is isolated chromatographically, then the cooperative effect 1s abolished. Enzyme concentration 1n the assay was 1.5wgm prote1n/l00yl. Poiy(rA)-oligo(dT) was used as template-primer. The reaction was run for 30 minutes and quenched.
for oligo(dT) 12 -i8 strongly suggest that no allosterism occurs during reverse transcription 1n our system. This conclusion is 1n accord with previous Investigations of the kinetics of polymerase reactions. We do not wish to cast doubt on the general utility of acid precipitation and filtration as a technique for measuring nucleic add synthesis; the technique obviously works well in most cases. However, a certain amount of caution is advised.
The above results are 1n agreement with findings reported by Cleaver and Boyer (15) . Using deoxyoligonucleotides of defined length, Cleaver and Boyer found that on 1ce, and 1n the presence of carrier DNA, 5% TCA precipitates deoxyoligonucleotides of chain length less than 10 base-pairs, only 10% as efficiently as it precipitates DNA. Acid precipitation of deoxyoligonucleotides 16 nucleotides 1n length was 50* efficient, and the efficiency of precipitation increased with chain length.
The solubility behavior of deoxyoligonucleotides of known length in TCA suggests that as the primers are lengthened by the polymerase, the labelled primers will be precipitated and counted with greater efficiency. We suggest that the length and hence the add precipitability of the product formed when ol1go(dT) l2 _i8 1s used as a primer 1s very sensitive to rate effects caused by substrate or enzyme concentrations. There 1s no apparent explanation for why the precipitation artifact occurs when oligo(dT) is precipitated 1n the presence of poly(rA),but not when oligo(dG) 1s used with poly(rC). The difference may reside 1n poly(rC) acting at acid pH as an effective co-precipitant of oligo(dG). An effect similar to this for precipitation of polyribonucleotides at different pH values and ionic strength has been reported (16).
Our results Imply that under these experimental conditions the polymerase may not act processively throughout the incubation period. If the polymerase were acting processively, one would expect that primers would be lengthened enough to Improve precipitation. In contrast, 1f the polymerase 1s adding few, and perhaps only one nucleotide during each Interaction with a primer-template pair, then higher substrate concentrations Increase the rate of random additions per primer. It 1s reasonable that the product of random addition at higher substrate concentrations would be oligo(dT) of sufficient length to precipitate efficiently. By our calculation, 1f the enzyme 1s not processive at 10~6M TTP, we may be adding no more than one nucleotide to each primer, which probably occurs 1n a random distribution of polymer lengths. TTP is not an allosteric effector of either reverse transcriptase or E. coll DNA polymerase I using synthetic templates and our reaction conditions. Nor are polymerase molecules under these conditions involved 1n cooperative interaction during reverse transcription. We believe that we have investigated the apparent cooperative effect previously described (1), and that the suggestion of allosterism was made on the basis of artifactual data. We suggest that in synthesis primed by oligo(dT)i 2 -i8 tne polymerase does not act processively, and that the consequent end addition of a small number of nucleotides per available primer results 1n poor acid precipitation of the product, thus giving the appearance of cooperative behavior.
